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can activate different set of efferent and afferent fibers. By 
varying the stimulation intensity, we constructed the M-wave 
and H-reflex recruitment curves. To capture muscle activation 
patterns, we used two high-density electromyogram (HD 
EMG) electrode grids over the intrinsic and extrinsic finger 
flexors, which can provide detailed information of the evoked 
responses, including the spatial distribution across the 
muscles. Using the stimulation and recording approaches, this 
preliminary work can characterize direct motor nerve and 
reflex activations using TNS. The outcomes can be used to 
guide stimulation protocols that can maximize reflex 
activation, in order to enable physiological recruitment order 
of motoneurons and reduce the degree of muscle fatigue. This 
can permit long-term use of TNS, facilitate recovery of muscle 
strength, and eventually promote improved quality of life for 
individuals with neuromuscular deficiencies.  

II. METHODS 

A.  Subjects 

Two participants with no known neurological disorders 
were recruited. Both participants gave informed consent via 
protocols approved by the Institutional Review Board of the 
University of North Carolina at Chapel Hill. 

B. Experimental Setup 

Participants were seated in a height adjustable chair with 
their right arm comfortably placed on a table in front of them. 
To improve conductivity of the stimulation grid, the skin over 
the medial portion of the upper arm was cleaned prior to 
electrode placement. To maximize the access to the median 
and ulnar nerves from the skin surface, a 2×8 electrode grid 
was situated collaterally to the vector connecting the medial 
epicondyle of the humerus and the center of the axilla (Figure 
1B). Stable electrode-skin contact was achieved using mild 
pressure from a custom vice. Participants were reminded to 
report any discomfort throughout the study. Activation of 
different electrode pairs resulted in the generation of unique 
electric fields, which can activate distinct sets of axons 
producing a variety of muscle activation patterns [11].  

A custom MATLAB interface controlled a multi-channel 
stimulator (STG4008, Multichannel Systems, Reutlingen, 
Germany) and a switch matrix (Agilent Technologies, Santa 
Clara, CA). The interface defined the stimulation paradigms 
of the charge-balanced biphasic square wave stimulus, 
including its amplitude, frequency, and pulse width. The 
interface also linked the anode or the cathode of the stimulator 
to one of sixteen gel-based electrodes using the switch matrix. 
Although pulse width and frequency were adjustable, these 
parameters were fixed at 500 µs, respectively [11].  

Activation of the finger flexor muscles was recorded using 
surface EMG. Prior to placement of the EMG electrodes, the 
forearm and palm were cleaned with alcohol pads to improve 

the EMG signal quality. An 8×16 channel HD EMG grid (OT 
Bioelettronica, Torino, Italy) was placed along the anterior 
portion of the forearm to record the extrinsic flexor muscles 
[10]. In addition, one 4×8 EMG pad was placed upon the 
palmar of the hand to record the intrinsic finger muscles. 
Figure 1A illustrates the general muscle activation pattern in 
the heat map and the muscle response to a single stimulation 
pulse. The electrodes located on the EMG pads are 3mm in 
diameter with an inter-electrode distance of 10 mm. The 
EMG-USB2+ biosignal amplifier (OT Bioelettronica, Torino, 
Italy) was used to sample the monopolar EMG signals at a rate 
of 2048 Hz. The gain and bandwidth of the amplifier were set 
to 200 and 10-900 Hz, respectively. The common ground and 
reference electrode were positioned along the wrist and elbow, 
respectively. The specific location of the electrode pads was 
specified via palpitation of the forearm and hand muscles as 
voluntary finger flexion was performed. 

Individual finger forces were recorded using four miniature 
load cells (SM-200N, Interface, Scottsdale, AZ). Each finger 
was extended and abducted comfortably to position it atop of 
each assigned load cell. Velcro straps were wrapped around 
each finger and load cell to ensure accurate force measurement 
(Figure 1B). To isolate finger flexion forces, two stiff foam 
pads were placed on the dorsal and palmar sides of the hand. 
The forces produced by the index, middle, ring, and pinky 
were sampled independently at 1000 Hz. 

C. Procedures 

The experiment began by searching through the 
stimulation electrode grid for a pair that produced finger 
flexion without causing discomfort. During grid exploration, 
the stimulation duration was set to 0.5 seconds of 30 Hz pulses 
(15 consecutive pulses), in order to pinpoint a pair that 
prioritized finger flexion over wrist flexion.  

Once a viable stimulation pair was identified, a single 
biphasic pulse was delivered in a stimulation trial (Figure 2A). 
Prior to the main testing, with increasing stimulation 
amplitude, we first identified the maximum stimulation 
amplitude, when the forces became saturated. Five seconds of 
rest was allocated between stimulation trials to allow time to 
determine if the force matched the previous value and to 
prevent potential fatigue. The stimulation amplitude that 
produced a saturated force level was assigned as the upper 
bound of the stimulation range, while 0 was selected as the 
lower bound. The stimulation information for all participants 
is detailed in Table 1. In this preliminary study, the experiment 
was performed using two stimulation pairs for subject 1 (Pairs 

 
 

Figure 2. Diagram illustrating the procedure including the stimulation profile 

used (A) and representative EMG responses for all channels (B).   

 Table 1. Stimulation Pair/Range and Fingers Activated 
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